Background: Syk associates with proteins that are found in stress granules. Results: Stress granules contain Syk, Grb7, and phosphotyrosine and persist in cells treated with inhibitors of autophagy. Conclusion: Syk is recruited to stress granules and promotes their clearance through autophagy. Significance: The regulation of both stress granule clearance and autophagy is important for the survival of cells exposed to external stress.
The Syk protein-tyrosine kinase is best known for its many roles in the adaptive and innate immune systems as a component of the molecular machinery that couples immune recognition receptors to intracellular signaling pathways in multiple hematopoietic cell types, including B cells, mast cells, platelets, NK cells, macrophages, and neutrophils (1, 2) . In these cells, receptor engagement leads to the phosphorylation of a pair of tyrosines present within immunoreceptor tyrosine-based activation motifs on receptor components, which leads to the recruitment of Syk to the receptor and its subsequent activation. The participation of Syk in pro-inflammatory signaling events has led to considerable interest in the use of small molecule Syk inhibitors for the treatment of diseases such as allergic asthma, rheumatoid arthritis, and systemic lupus erythematosus (3) . The identification of additional roles for Syk in tumorigenesis has increased interest in the use of Syk inhibitors as chemotherapeutic agents for the treatment of disorders in which the expression of Syk serves as a pro-survival factor (4). The inhibition of or knockdown in expression of Syk promotes apoptosis in multiple cancer cell types, including many hematopoietic malignancies as well as K-Ras-dependent lung and pancreatic cancer (5) , small cell lung cancer (6) , ovarian cancer (7) , and retinoblastoma (8) . For many cancer cells, the expression of Syk can protect them from cell death due to genotoxic or oxidative stress (9) .
Eukaryotic cells respond to external stresses in a variety of ways, including the reprogramming of translational processes (10, 11) . Insults due to heat shock, viral infection, oxidative stress, exposure to arsenite, or glucose deprivation activate kinases that phosphorylate eIF2␣ 3 to stall translation of mRNAs bound to initiation complexes and promote polysome disassembly. Messenger RNAs are rerouted along with their associated proteins into stress granules (SGs), large ribonucleoprotein (RNP) complexes scaffolded by RNA binding proteins with glycine-rich self-associating domains. Cytoplasmic poly (A) mRNAs stalled in the translational initiation phase are sequestered in SGs and potentially protected from degradation until stress is released and normal protein synthesis can resume. SGs also can sequester signaling molecules important for apoptosis and contribute in this fashion to the protection of cells from stress (12, 13) .
The formation of RNP aggregates, however, also can be detrimental to cell survival. This is particularly apparent within the nervous system, where mutations in RNPs that promote selfassembly can be major drivers of neurodegenerative diseases (14 -17) . Similarly, defective clearance of SGs leads to the pathological accumulation of RNP particles (18, 19) . Genetic studies of regulators of SG dynamics in yeast identified granulophagy, a form of macroautophagy (referred to here simply as autophagy), functioning in conjunction with Cdc48/valosincontaining protein (VCP), as critical for SG clearance (20) . Mutations in VCP are known to cause amyotrophic lateral sclerosis and frontotemporal dementia, consistent with a role for defects in SG clearance in disease pathology (18, 19) . VCP also is up-regulated in many human cancers (21) (22) (23) , and tumor cells use autophagy as a survival strategy when encountering external stresses due to increased metabolic demands, a challenging microenvironment, or exposure to therapeutic agents (24 -27) .
To better understand the pro-survival pathways in which Syk functions, we conducted a series of proteomic analyses to identify substrates and interacting partners of the kinase (28 -30) . Among the binding partners we identified were several with functions in mRNA metabolism that are known to associate with SGs. This finding raised the interesting possibility that Syk also associates with SGs and plays a role in SG function or dynamics. In this study, we demonstrate that Syk is, in fact, recruited to SGs in response to the treatment of cells with either sodium arsenite or a proteasome inhibitor, both of which are known inducers of SG formation (31) . This recruitment requires the phosphorylation of a pair of tyrosines on Syk located in a region where the kinase interacts with the SG component, Grb7. In SGs, Syk is active and catalyzes the phosphorylation of proteins on tyrosine. Interestingly, the recruitment of Syk to SGs promotes their clearance from cells through autophagy and enhances the survival of cells in which SGs are induced. This previously unknown function of Syk may underlie many aspects of its ability to promote the survival of cancer cells in the presence of metabolic or therapeutic stress.
Experimental Procedures
DNA Constructs and Cell Lines-Lentiviral vectors for the expression of enhanced green fluorescent protein (EGFP)tagged Syk (Syk-EGFP) and various mutant forms of Syk-EGFP (Syk-EGFP(K396R), Syk-EGFP(Y342F), Syk-EGFP(Y346F), and Syk-EGFP(Y342F/Y346F)) were described previously (9) . The cDNA for Syk-EGFP(R428Q/M429L/M442A) (Syk-AQL-EGFP) was amplified by PCR from the corresponding EGFP-N2 (Clontech) construct (32) and cloned into the Tet-inducible lentiviral vector pLVX-Tight-Puro (Clontech). Lentiviral particles were packaged in HEK293T cells. MCF7 cells obtained from ATCC and MCF7 cells lacking endogenous Syk (MCF7-BD) (33) were cultured in Dulbecco's modified Eagle's medium containing 10% FCS, 100 units/ml penicillin, and 100 g/ml streptomycin. MCF7-BD cells were infected with lentiviruses, selected in medium containing 1 g/ml puromycin, expanded, and screened for kinase expression by fluorescence microscopy and Western blotting. Syk-deficient DT40 chicken B cells transfected to stably express Syk-EGFP were described previously (34) . DG75 human B lymphoma cells were obtained from ATCC. DG75 cells with reduced levels of Syk due to expression of shRNA directed against the Syk mRNA were described previously (9) . Mouse Grb7 cDNA was obtained from the DNASU plasmid repository and cloned into the VQ Ad5CMV (Vira-Quest) shuttle vector containing the mCherry cDNA sequence. A vector coding for Grb7-mCherry(R461M) was generated by site-directed mutagenesis using the transformer mutagenesis kit (Clontech). MCF7-BD cells stably expressing Syk-EGFP were transiently transfected with expression plasmids encoding Grb7-mCherry or Grb7-mCherry(R461M) using Lipofectamine 2000 (Invitrogen). A GST-SH2 domain construct of human Grb7 cloned into the pGEX6P1 vector was obtained from Addgene (plasmid 46444 (35) ).
MCF7 cells were transfected with Silencer predesigned siRNA against ATG7 or scrambled siRNA (Life Technologies) using Lipofectamine RNAiMAX and used 72 h after transfection. For the knockout of ATG3, three sets of lentiviral all-inone guide RNA plus Cas9 (pCLIP-ALL hCMV-BLAST) expression vectors were purchased from Transomic Technologies. Lentiviral particles were packaged in HEK293T and used to infect MCF7 cells. The ATG7 and ATG3 antibodies were purchased from Cell Signaling Technology (D12B11) and Abcam (ab10825), respectively.
Stress Granule Formation and Clearance-To induce the formation of SGs, cells were treated with either sodium arsenite (500 M or as indicated) or MG132 (Sigma-Aldrich) (100 M) for 2 or 3 h, respectively, unless indicated otherwise. For some experiments, cells were pretreated with the Src inhibitor PP1 (20 nM) (Cayman Chemical) for 15 min prior to the induction of SG formation. For SG clearance assays, cells were treated with sodium arsenite (250 M) for 2 h or MG132 (100 M) for 3 h and then washed and allowed to recover in fresh medium in the absence of drug for an additional 4 h. Endogenous Syk was inhibited during recovery by the addition of R406 (5 M) where indicated. Syk-AQL-EGFP was selectively inhibited during SG formation or clearance by the addition of either 1-NM-PP1 (Cayman Chemical) or 3-MB-PP1 (Calbiochem) at a concentration of 5 M. In some experiments, inhibitors of autophagy (5 mM 3-methyladenine or 10 M N 2 ,N 4 -dibenzylquinazoline-2,4diamine) were added during SG clearance. The ability of cells to recover following the removal of stress was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
To visualize SGs, cells were fixed with 10% cold methanol for 10 min, permeabilized with 1% Triton X-100 in PBS, and blocked with PBS containing 1 mg/ml BSA, 0.05% Tween 20, and 10% goat serum. Cells were stained with antibodies against G3BP (BD Biosciences (611126)), TIAR (Cell Signaling Technology (D26E4)), phosphotyrosine (Millipore (4G10)), Grb7 (Santa Cruz (A-12)), and/or LC3A/B (Cell Signaling Technology (D3U4C)). Bound primary antibodies were detected using AlexaFluor 594-conjugated goat anti-mouse IgG and/or Alexa-Fluor 405-conjugated goat anti-rabbit IgG secondary antibodies (Invitrogen). Slides were examined using either an Olympus BH2-RFCA fluorescence microscope equipped with a Sony DXC-950 3CCD color camera, an EVOS FL imaging system, or a Zeiss LSM 710 confocal microscope. The amount of Syk-EGFP versus G3BP was compared by measuring the fluorescence intensity of each protein in each individual punctum using ImageJ.
Cellular Fractionation and Co-immunoprecipitation Assays-For the preparation of cell fractions based on detergent solubility, MCF7-BD cells stably expressing Syk-EGFP were lysed in buffer A (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.025% sodium deoxycholate, 1 mM EGTA, 10% glycerol, and protease inhibitor mixture (Abcam (65621)). The detergent-soluble fraction was separated from the insoluble fraction by centrifugation for 1 min at 18,000 ϫ g. The insoluble fraction was resuspended in buffer A containing 1% SDS. Proteins in the supernatant of each fraction were separated by SDS-PAGE and analyzed by Western blotting with antibodies against Syk (Santa Cruz Biotechnology (N-19)), GAPDH (Ambion (AM4300)), eIF2␣ (Santa Cruz Biotechnology (FL-315)), phospho-eIF2␣ (AbCam (32157)), Grb7 (Santa Cruz Biotechnology (A-12)), or phosphotyrosine (Millipore (4G10)).
For co-immunoprecipitation assays, MCF7-BD cells stably expressing Syk-EGFP were lysed in buffer A containing 2 mM Na 3 VO 4 . EGFP-tagged proteins were immunoprecipitated using GFP-Trap agarose beads (ChromoTek). Bound immune complexes were washed with buffer A, separated by SDS-PAGE, and analyzed by Western blotting with the indicated antibodies. For SG component immunoprecipitation assays, cells were lysed in 100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES (pH 7.4), 0.5% Triton X-100, 100 units/ml RNase inhibitor, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture. The supernatants from the lysate were precleared for 30 min by agitation with a mixture of protein A and G magnetic beads. Cleared lysates were incubated with the indicated antibodies bound to magnetic beads. Immune complexes were washed five times with buffer A containing 100 units/ml RNase inhibitor and analyzed by Western blotting.
Protein Interaction Screens-The yeast two-hybrid screen for Syk-binding proteins expressed from a human mammary gland cDNA library was performed as described previously (33) . For additional interaction assays, AH109 cells were transformed simultaneously with two plasmids expressing Grb7 and wildtype Syk, Syk(K396R), or truncated versions of Syk (Syk tandem SH2 domains, Syk catalytic domain, or Syk catalytic domain plus linker B) and then tested for growth on selection medium.
The GST-SH2 domain of Grb7 was expressed in and isolated from Escherichia coli by adsorption onto glutathione-agarose. Immobilized GST or GST-SH2 (10 g) was incubated with lysates of MCF7-BD cells expressing either Syk-EGFP or Syk-EGFP(Y342F/Y346F) and then washed with 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, and 1% Nonidet P-40. Bound proteins were eluted in SDS-sample buffer and detected by Western blotting.
Results
Syk Is Recruited to SGs-Previous screens from our laboratory for Syk substrates and interaction partners identified multiple proteins mapped to specific complexes or pathways involved in mRNA dynamics (28 -30) . Specifically, we identified as Syk-interacting proteins an extensive set of SG components, including G3BP, a known scaffolding protein necessary for SG formation (10, 29, 36 -37) . To investigate a possible direct association of Syk with SGs, we asked whether Syk was recruited to SGs under conditions that promoted their forma-tion. For this, we used a line of MCF7 breast cancer cells that lacks endogenous Syk (MCF7-BD) but stably expresses Syk-EGFP (33) . Cells were treated with either the proteasome inhibitor MG132 for 3 h or sodium arsenite for 2 h, fixed and stained with an antibody against G3BP, and examined by fluorescence microscopy. Both treatments resulted in the formation of cytoplasmic puncta containing G3BP consistent with the formation of SGs (Fig. 1A) . A fraction of Syk-EGFP co-localized with G3BP-containing bodies in cells treated with either stimulus. Syk-EGFP also co-localized with another SG marker, TIAR, as shown in Fig. 1B for cells treated with MG132. Similar findings were observed in other cell types, as shown for Syk-EGFP FIGURE 1. Syk associates with SGs in multiple cell types. A, MCF7-BD cells stably expressing Syk-EGFP were treated with sodium arsenite for 2 h or either MG132 or DMSO (solvent carrier for MG132) for 3 h. Cells were fixed, stained using antibodies against G3BP (red), and examined by fluorescence microscopy. B, Syk-EGFP-expressing MCF7-BD cells were treated with MG132 for 3 h, fixed, stained for TIAR, and examined by confocal microscopy. C, Syk-deficient DT40 B cells ectopically expressing Syk-EGFP were treated with MG132 for 3 h, fixed, and stained with antibodies against G3BP (red). D, DG75 B lymphoma cells were treated with sodium arsenite for 2 h, fixed, and stained with antibodies against TIAR (green) and endogenous Syk (red). Staining of the nucleus with DAPI is indicated in blue. Examples of SGs are indicated by the arrows. Bars, 10 m.
recruited to G3BP-containing puncta in Syk-EGFP-expressing DT40 lymphoma cells treated with MG132 ( Fig. 1C ) and endogenous Syk co-localized with TIAR in human DG75 B lymphoma cells treated with sodium arsenite (Fig. 1D) .
A redistribution of Syk within the cell following the induction of SGs also was examined biochemically. MCF7-BD cells stably expressing Syk-EGFP were treated with MG132 to induce SG formation. At timed intervals, cells were lysed and separated into detergent-soluble and -insoluble fractions (SG proteins appear in the insoluble fraction). Western blot analyses demonstrated an increased level of Syk-EGFP in the detergent-insoluble fraction following the addition of MG132 ( Fig.  2A ). The accumulation of Syk-EGFP in the insoluble fraction increased at each time point over the 4-h treatment period. Increased levels of eIF2␣, another SG component, also appeared in the insoluble fraction as a function of treatment time. The level of Syk-EGFP in MG132-induced cytoplasmic puncta continued to increase over an extended 12-h time period, as detected by fluorescence microscopy (Fig. 2B) .
To further confirm a recruitment of Syk to SGs, we immunoprecipitated G3BP from lysates of Syk-EGFP-expressing MCF7-BD cells that had been treated with sodium arsenite to induce SG formation. The anti-G3BP immune complexes were collected on magnetic beads and then separated by SDS-PAGE and examined for the presence of Syk-EGFP by Western blotting. We observed a time-dependent association of Syk with G3BP in arsenite-treated cells (Fig. 2C) , consistent with the two proteins being present in the same complex. Similarly, we found Syk-EGFP in anti-G3BP immune complexes isolated from lysates of cells treated with MG132 ( Fig. 2D ). Thus, evidence from both biochemical and fluorescence microscopy approaches indicated that Syk was actively recruited to SGs. Syk was particularly prevalent in SGs formed during prolonged exposure to stress-inducing agents.
Syk Is Active in SGs-To determine whether Syk was active when recruited to SGs, we monitored by Western blotting Sykdependent protein phosphorylation in cells induced to form SGs by treatment with either sodium arsenite or MG132. For these studies, we used a line of MCF7-BD cells in which the expression of Syk-EGFP could be induced with tetracycline (9). Cells either treated or not treated with tetracycline were exposed to sodium arsenite for increasing lengths of time. Western blotting analyses of whole cell lysates with antibodies against phosphotyrosine revealed a pronounced increase in the level of tyrosine-phosphorylated proteins selectively in cells induced to express Syk-EGFP ( Fig. 3A ). An examination of Syk-EGFP immunoprecipitated from cells and examined by Western blotting with phosphotyrosine antibodies confirmed that Syk itself was phosphorylated on tyrosine in cells treated with sodium arsenite (Fig. 3B ). An increase in the tyrosine phosphorylation of Syk also was observed in cells treated with MG132 ( Fig. 3C ).
We next asked whether the phosphorylation on tyrosine of proteins within SGs was enhanced in cells expressing Syk. MCF7-BD cells lacking Syk or stably expressing Syk-EGFP were left untreated or were treated with either MG132 or sodium arsenite, fixed, stained using antibodies against phosphotyrosine and TIAR, and examined by confocal microscopy. There was a significant increase in a punctate pattern of phosphotyrosine staining in cells stably expressing Syk-EGFP when treated with either MG132 (Fig. 4A ) or sodium arsenite (Fig.  4B ). These puncta co-localized with structures containing both TIAR and Syk-EGFP, confirming the identification of these as SGs. This enhanced tyrosine phosphorylation was largely dependent on the expression of Syk-EGFP ( Fig. 4A ).
To confirm that this phosphorylation within SGs was specifically dependent on Syk and its catalytic activity, we compared MCF7-BD cells stably expressing Syk-EGFP with cells expressing an analog-sensitive mutant of Syk-EGFP (Syk-AQL-EGFP (32)). Syk-AQL is an engineered form of Syk with mutations within the ATP-binding site that make it uniquely sensitive to inhibition by analogs of PP1 that have bulky side chains that preclude their binding to the wild-type kinase (38) . Both sets of cells were pretreated with 1-NM-PP1, a selective orthogonal inhibitor of Syk-AQL, and then treated with MG132 for 3 h to induce SG formation. Cells were fixed and stained using antibodies against phosphotyrosine and TIAR (Fig. 4C ). The increase in tyrosine phosphorylation stimulated by MG132 was largely inhibited by 1-NM-PP1 in cells expressing Syk-AQL-EGFP but not in cells expressing Syk-EGFP, which is not sensitive to the inhibitor. Thus, the enhanced phosphorylation of proteins within SGs in cells treated with MG132 was largely dependent on the catalytic activity of Syk.
Recruitment of Syk to SGs Requires Its Phosphorylation-Despite the low level of SG-associated phosphotyrosine observed in cells expressing Syk-AQL-EGFP and pretreated with 1-NM-PP1, the inhibited kinase was still localized to SGs ( Fig. 4C ). This suggested that the recruitment of Syk to SGs or its retention there might not be dependent on its catalytic activity. To assess this, we compared MCF7-BD cells stably expressing wild-type Syk-EGFP with those expressing a catalytically inactive mutant, Syk-EGFP(K396R). Both active and inactive forms of Syk-EGFP co-localized with G3BP in SGs when cells were treated with MG132 ( Fig. 5 ). Thus, the kinase activity of Syk was not required for its association with SG components.
When activated, Syk becomes phosphorylated on multiple residues, including tyrosines 342 and 346 (based on the murine Syk numbering system), which are found in the linker B region that separates the tandem pair of SH2 domains from the catalytic domain (1) . These residues, when phosphorylated, serve as multifunctional docking sites that mediate interactions with several proteins that contain SH2 domains (1, 2). To assess whether these tyrosines played a role in the association of Syk with SGs, we generated MCF7-BD cells expressing forms of Syk-EGFP in which one or both tyrosines were replaced by phenylalanine. Cell lines were generated that stably expressed Syk-EGFP(Y342F/Y346F), Syk-EGFP(Y342F), or Syk-EGFP (Y346F). These were treated with MG132 for 3 h and then fixed and stained for G3BP to mark SGs. Cells were examined for G3BP-containing puncta that co-localized with puncta containing EGFP-tagged wild-type or mutant Syk. Unlike Syk-EGFP, Syk-EGFP(Y342F/Y346F) largely failed to localize to SGs following treatment with MG132 ( Fig. 5) . Similarly, the co-localization with G3BP in SGs of both single point mutants of the kinase was defective. Thus, the phosphorylation of both linker B tyrosines 342 and 346 was important for the recruitment of Syk to SGs.
Because the linker B tyrosines on Syk are phosphorylated in B cells either by autophosphorylation or by Src family kinases (39), we examined the effects of an Src family kinase inhibitor on the recruitment of Syk to SGs. MCF7-BD cells stably expressing Syk-EGFP were incubated with the Src kinase inhibitor PP1 for 15 min prior to the induction of SG formation by the addition of MG132. We quantified the fluorescence intensity of Syk-EGFP and G3BP in the puncta that contained both proteins, comparing the control and PP1-treated groups. The fluorescence intensity of Syk within SGs decreased significantly with PP1 treatment, whereas the fluorescence intensity of G3BP within these same puncta did not change (Fig. 6, A and B) . These results are consistent with a contribution of Src family kinases to the recruitment of Syk to SGs, probably through the phosphorylation of Syk on Tyr-342 and Tyr-346.
Syk Is Recruited to SGs by Grb7-The requirement for two linker B tyrosines for the recruitment of Syk to SGs suggested a role for an adaptor protein that could bind to Syk when it is phosphorylated on both Tyr-342 and Tyr-346. To identify potential adapters, we performed a yeast two-hybrid screen using as prey a human mammary gland cDNA library and as bait both an active and a catalytically inactive form of Syk. When expressed as an Syk-GAL4 DNA-binding domain fusion protein, wild-type Syk becomes tyrosine-phosphorylated in yeast, whereas the catalytically inactive mutant does not (33) . Several proteins were identified that bound selectively to active Syk but not to the catalytically inactive mutant (Fig. 6C) . These included Grb7, Grb10, Cbl-3, Vav3, Crk, and Shc (Fig. 6C ). All of these contain an SH2 domain and/or a structurally related tyrosine kinase binding domain that binds phosphotyrosine, consistent with their selective binding to active, tyrosine-phosphorylated Syk. Of these, only Grb7 had been identified previously as a component of SGs (40) . In the yeast two-hybrid screen, Grb7 bound to full-length Syk and failed to bind to the catalytic domain of Syk or to the tandem pair of SH2 domains but was capable of binding to a construct containing both the linker B region and the catalytic domain, consistent with an interaction mediated by residues within linker B (Fig. 6C) . A comparison of the sequence of the Grb7 SH2 domain with that of the C-terminal SH2 domain of PLC-␥ revealed in common a pair of lysine residues known to be important in the PLC-␥ SH2 domain for the formation of a second phosphotyrosine binding pocket that allows it to bind to phosphopeptides containing two phosphotyrosines (41) (Fig. 6D ). To explore this interaction further, we performed an in vitro pull-down assay in which the immobilized GST-SH2 domain of Grb7 was incubated with lysates of MCF7-BD cells expressing either wild-type Syk-EGFP or Syk-EGFP(Y342F/Y346F). As shown in Fig. 7A , the SH2 domain of Grb7 preferentially interacted with the wild-type kinase, supporting a role for Tyr-342 and Tyr-346 in the association of Syk with Grb7. Fractions of both Syk-EGFP and Grb7 relocated into the detergent-insoluble fraction of MCF7-BD cells following their treatment with MG132 ( Fig. 7B ), consistent with both proteins localizing to SGs. In addition, endogenous Grb7 could be co-immunoprecipitated with G3BP selectively under conditions that promoted the formation of SGs, and this interaction did not require the presence of Syk (Fig.  7C) . In contrast, an association of Syk with Grb7 did not require SG formation (Fig. 7D) .
To confirm the localization of Grb7 to SGs, we treated MCF7-BD cells expressing Syk-EGFP with MG132 and then stained cells with antibodies against TIAR and endogenous Grb7. Both Syk and Grb7 proteins localized to cytoplasmic puncta that also contained TIAR (Fig. 8A) . To investigate further whether the SH2 domain of Grb7 was involved in the recruitment of Syk to SGs, we inactivated it by mutating the essential arginine in the canonical phosphotyrosine binding site to a methionine. Wild-type Grb7 with an mCherry tag at the C terminus (Grb7-mCherry) and Grb7-mCherry(R451M) were transiently expressed in MCF7-BD cells expressing Syk-EGFP, which were then treated with MG132 to induce SG formation.
Whereas wild-type Grb7-mCherry localized to SGs along with Syk-EGFP and TIAR (Fig. 8B) , neither Grb7-mCherry(R451M) nor Syk-EGFP localized to TIAR-containing SGs in cells expressing the mutant form of Grb7 (Fig. 8C ). Thus, a functional SH2 domain of Grb7 promotes the recruitment of both Syk and Grb7 to SGs.
Syk Promotes the Clearance of SGs-We compared the number of SGs formed in MCF7-BD cells expressing or lacking Syk-EGFP following a 3-h treatment with MG132. The median number of SGs formed per cell was higher in Syk-deficient cells than in cells stably expressing Syk-EGFP (Fig. 9A ). This suggested a role for Syk in modulating SG dynamics. To explore this further, we examined the effect of Syk on the ability of cells to clear SGs following their release from the stress stimulus. MCF7-BD cells expressing Syk-EGFP or lacking Syk were treated with MG132 for 3 h to induce SGs. The cells were washed and allowed to recover in drug-free medium for 4 h. Cells were then fixed and immunostained with an antibody against G3BP to detect SGs. The number of cells containing more than three SGs were counted as SG-positive (SGϩ), whereas those with three or fewer SGs were counted as SG-negative. The presence or absence of Syk in MCF7-BD cells had little influence on the number of SGϩ cells appearing during the initial 3-h incubation. However, far fewer Syk-EGFP-expressing cells retained SGs following the 4-h recovery period as compared with cells lacking Syk (Fig. 9B ). To confirm this observation, we performed a biochemical assay to assess changes in the level of phospho-eIF2␣ by Western blot analysis. In MCF7-BD cells, the induction of SGs with MG132 resulted in an increase in the extent of phosphorylation of eIF2␣ in both Syk-expressing and Syk-deficient cells (Fig. 9C) . However, the level of phospho-eIF2␣ decreased to a greater extent following the 4-h recovery phase in cells expressing Syk-EGFP than in cells lacking the kinase, consistent with the presence of fewer SGs.
To assess whether the catalytic activity of Syk was necessary for SG clearance, we compared Syk-deficient MCF7-BD cells with those stably expressing either Syk-AQL-EGFP or Syk-EGFP. Cells were treated with MG132 for 3 h to induce SG formation and were then washed and allowed to recover in fresh medium for 4 h. Where indicated, an orthogonal inhibitor of Syk-AQL, 3-MB-PP1 (42), was added either immediately following the removal of MG132 or 1 h later (Fig. 10, A and B) . Cells were fixed, stained using a G3BP antibody, and examined for the presence of SGs. As observed previously, most cells lacking Syk retained SGs after the 4-h recovery period. In contrast, most cells expressing either Syk-EGFP or Syk-AQL-EGFP were largely free of visible SGs 4 h after removal of the MG132. The addition of 3-MB-PP1 effectively blocked the clearance of SGs from cells expressing Syk-AQL-EGFP but had no effect on the reduction in SGs in the Syk-EGFP-expressing cells. When 3-MB-PP1 was added 1 h after the removal of MG132, the number of Syk-AQL-EGFP-expressing cells that were SGϩ was reduced by ϳ50%. Thus, many cells were able to clear most SGs in the first hour following removal of MG132, but further clearance could be blocked by the Syk kinase inhibitor.
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stably expressing Syk-EGFP with those expressing Syk-EGFP(Y342F/Y346F), which is catalytically active but fails to bind to SGs. Cells again were treated with MG132 for 3 h and then washed and allowed to recover for 4 h. The number of SGϩ cells was much higher for cells expressing Syk-EGFP(Y342F/Y346F) as compared with those expressing wildtype Syk-EGFP (Fig. 10C) . Thus, both the catalytic activity of Syk and its association with SGs were required for the clearance of SGs from cells after removal of the stress stimulus.
To determine whether endogenously expressed Syk also regulated SG clearance, we compared MCF7 cells purchased from ATCC (MCF7-ATCC), which express endogenous Syk, with the Syk-deficient MCF7-BD cell line (Fig. 11A ). Cells from both lines formed SGs to similar extents when treated with sodium arsenite (Fig. 11, A and B) . However, MCF7-ATCC cells were much more effective at clearing SGs following removal of the stress-inducing agent than were MCF7-BD cells. This enhanced ability of MCF7-ATCC cells to clear SGs was blocked by the addition of the Syk inhibitor R406 (Fig. 11C) . Similarly, whereas shRNA-mediated knockdown of Syk in DG75 B cells had no measurable effect on SG formation, the reduction in Syk attenuated SG clearance (Fig. 11D) . These data indicate that Syk, when expressed at normal endogenous levels, enhances SG clearance.
Syk Promotes SG Clearance through Autophagy-Recent data indicate that SGs can be cleared from cells through the process of autophagy (20) . To determine whether autophagy was involved in the Syk-dependent clearance of SGs, we treated MCF7-BD cells stably expressing Syk-EGFP with MG132 for 3 h to induce SG formation. Cells were washed and allowed to recover in the absence of MG132 but in the presence of one of two known inhibitors of autophagy: N 2 ,N 4 -dibenzylquinazoline-2,4-diamine or 3-methyladenine. Cells were then fixed and stained with a G3BP antibody to detect SGs. Both autophagy inhibitors blocked the ability of Syk-EGFP to promote SG clearance in cells recovering from MG132-induced stress (Fig. 12A) . Similarly, knockout of ATG3 using CRISPR/Cas9 (Fig. 12B ) or knockdown of ATG7 using siRNA (Fig. 12C ) significantly reduced their clearance following stress removal (Fig. 13A) .
Because cells expressing Syk-EGFP effectively cleared SGs, whereas cells lacking Syk did not, we compared MCF7-BD cells expressing or lacking the kinase for the formation of autophagosomes during recovery from MG132-induced stress. Cells were treated with MG132 for 3 h, washed, and allowed to recover for 4 h in the absence of the proteasome inhibitor. Cells were fixed and stained for LC3A/B, which is processed and incorporated into maturing autophagosomal membranes and thus serves as a useful marker for these vesicles (43) . Abundant LC3-positive vesicles were observed in cells expressing Syk-EGFP as opposed to cells lacking Syk, which exhibited few autophagosomes (Fig. 12C) . To determine whether the association of Syk with SGs was important for autophagosome formation, we compared MCF7-BD cells expressing Syk-EGFP with those expressing Syk-EGFP(Y342F/Y346F). Cells were treated with MG132 and allowed to recover as described above. LC3-positive vesicles were much more plentiful in the Syk-EGFP-expressing cells as compared with cells expressing Syk-EGFP(Y342F/Y346F) (Fig. 13A) . These results indicate that the recruitment of Syk to SGs promotes their clearance through the recruitment or formation of autophagosomes.
SG Clearance Promotes Cell Survival-Because Syk functions as a pro-survival factor in numerous cancer cell types (4), we asked whether the expression of the kinase might alter the capacity of cells to survive an insult that results in the formation of SGs. MCF7-BD cells expressing Syk-EGFP or lacking Syk were treated with a low concentration of sodium arsenite for 3 h, conditions under which cells form numerous small SGs. Cells were washed and then allowed to recover and proliferate in fresh medium for an additional 24 h. Viable cells were then measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Whereas cells expressing Syk grew normally following removal of the stress stimulus, the growth of cells lacking Syk was greatly attenuated (Fig. 13B ).
Discussion
Our study supports a model in which Syk is recruited to SGs that are induced in response to external agents that cause oxidative stress and disrupt protein folding or interfere with the ubiquitin-proteasome system. This recruitment requires the phosphorylation of Syk on a pair of tyrosines in the linker B region, which creates a docking site for the SG component, Grb7. Once at the SG, Syk is active and catalyzes the phosphorylation of proteins on tyrosine that promote the clearance from the cell of SGs through autophagy, thus enabling the cells to recover from the initial stress stimulus. The recruitment of Syk to SGs requires its phosphorylation on the two tyrosines found within the sequence, YESPYADP, in the linker B region of the protein. Multiple proteins have been described that contain SH2 domains capable of binding within this region, and many of these SH2 domains recognize Syk preferentially when both tyrosines (Tyr-342 and Tyr-346) are phosphorylated (41, 44) . This was first demonstrated for the C-terminal SH2 domain of phospholipase C-␥ (41) . In this case, phosphotyrosine 342 binds in the canonical phosphotyrosine binding pocket found within all SH2 domains, whereas phosphotyrosine 346 binds at a second site found only in a subset of SH2 domains. Here the phosphate group interacts with two critical lysines. Interestingly, these two lysines are conserved in the sequence of the Grb7, suggesting that the Grb7 SH2 domain too can recognize doubly phosphorylated peptides. The expression of a form of Grb7 with an SH2 domain disabled by a point mutation in what is typically the most high affinity binding pocket (41) blocks the recruitment of Syk to the SG consistent with an SH2 domain-mediated interaction between Syk and Grb7. Unexpectedly, the association of Grb7 with the SG also is inhibited by this mutation. This suggests that the Grb7 SH2 domain is important for both its interaction with Syk and with SGs. This may reflect the fact that both Grb7 and its isolated SH2 domain are dimers, capable of binding simultaneously more than one ligand (45, 46) . The site(s) on the SG to which the Grb7 SH2 domain binds is not known; nor is it known whether or not this site contains phosphotyrosine because the Levels of ATG3 in wild-type cells (WT) and ATG3 knock-out cells (ATG3KO) were measured by Western blotting. Wild-type cells or cells lacking ATG3 were treated without (Control) or with MG132 for 3 h and then washed and placed in fresh medium lacking MG132 for 4 h. Cells were fixed and stained with DAPI (blue) and antibodies against G3BP (red) and examined by fluorescence microscopy. C, MCF7 ATCC cells were transfected with scrambled siRNA (Scram) or siRNA against ATG7. Levels of ATG7 were measured by Western blotting. Wild-type cells or cells transfected with scrambled siRNA or ATG7 siRNA were treated with MG132 for 3 h and then washed and placed in fresh medium lacking MG132 for 4 h. Cells were fixed and stained with DAPI (blue) and antibodies against G3BP (red) and examined by fluorescence microscopy.
Grb7 SH2 domain is capable also of recognizing amino acid sequences that lack a phosphoamino acid (47, 48) .
The ability of a catalytically inactive form of Syk to associate with SGs suggests that the phosphorylation of Tyr-342 and Tyr-346 can be catalyzed by kinases other than Syk itself. This is consistent with previous phosphopeptide mapping experiments demonstrating the phosphorylation of catalytically inactive Syk on Tyr-342 and Tyr-346 in B cells activated through the antigen receptor in a manner dependent on the expression of Lyn, a Src family kinase (39) . Consistent with this idea, the inclusion of a Src kinase inhibitor reduced the content of Syk in SGs. Interestingly, Src kinases also are known to phosphorylate at least one other SG component, Sam68/KHDR1 (10, 49) .
We find that the presence of Syk in MCF7 cells is not required for the formation of SGs. In fact, the number of SGs present in Syk-expressing cells treated for 3 h with MG132 is reduced compared with the number in cells lacking the kinase. The presence or absence of Syk, however, does have a dramatic effect on the disappearance of SGs from cells once the stress is removed. This clearance of SGs requires the association of Syk with the SG because Syk-EGFP(Y342F/Y346F) fails to promote SG clearance. The addition of an inhibitor orthogonal to Syk-AQL-EGFP to cells expressing the analog-sensitive kinase, but not to cells expressing Syk-EGFP, also blocks SG clearance. This indicates an essential and specific role for Syk-catalyzed tyrosine phosphorylation in this process. Visualization of protein tyrosine phosphorylation by immunofluorescence clearly demonstrates a substantial increase in the phosphorylation of proteins resident in or near SGs. This phosphorylation is largely Syk-dependent because it is selectively blocked in cells expressing Syk-AQL-EGFP upon treatment with the Syk-AQL-specific inhibitor. However, the exact protein(s) that Syk phosphorylates to promote SG clearance remains to be determined.
SGs are thought to disassemble following the removal of stress, allowing sequestered mRNAs to return to ribosomes for translation (11) . A recent genetic screen in yeast, however, also clearly indicates a critical role for components of the autophagy pathway in modulating the dynamics of SG removal (20) . Consistent with a role for autophagy in SG dynamics, the addition of inhibitors of autophagy, the knockout of ATG3, and a reduction in the level of ATG7 in MCF7 cells all attenuate the Sykdependent clearance of SGs following removal of the stress stimulus. Also consistent with this mechanism, a substantial increase in LC3-positive vesicles is seen in cells recovering from stress when cells contain a catalytically active form of Syk that also is capable of binding to SGs. These observations implicate Syk as an important factor in regulating the removal from cells of SGs through autophagy. Grb7, which promotes SG formation or enhances SG stability, has been reported also to recruit to SGs focal adhesion kinase, which phosphorylates Grb7 to promote SG disassembly (40) . It is not known whether autophagy contributes to the loss of SGs that is seen following the recruitment of FAK and phosphorylation of Grb7.
The consequences of the presence or absence of Syk in tumor cells are manifested in different ways, depending on the tumor cell type and its stage of development (4) . In many tumors, the expression of Syk enhances cell survival, especially in the face of external or internal factors, including oxidative stress, exposure to chemotherapeutic agents, expression of oncogenes like activated K-Ras, or loss of Rb (4, 5, 8, 9) . Multiple mechanisms have been described to account for many of the protective effects of Syk on cells, including activation of the PI3K/Akt pro-survival pathway leading to the stabilization of the anti-apoptotic proteins Mcl-1 and/or XIAP, activation of mTOR, activation of STAT3 or STAT5, enhanced transcription of NF-B-regulated genes, and stabilization of the mRNA for Bcl-xL through an association of Syk with nucleolin (8, 9, 50 -56) . The contributions of autophagy to cancer cell survival also are context-dependent. Although a lack of autophagy can contribute to tumorigenesis in some cancer types, in more established tumors, autophagy instead confers a survival advantage that is particularly important for the cancer cell resistance to external stresses, including hypoxia and exposure to radiation or chemotherapeutic agents (24 -27) . Thus, many established tumors rely on autophagy as a mechanism to survive elevated metabolic or therapeutic stress, and inhibitors of autophagy can sensitize some tumors to the actions of chemotherapeutic agents (26) . MCF7 cells are relatively insensitive to the inhibition of autophagy for basal cell growth (57) . However, we find that MCF7 cells expressing Syk are better able to recover from exposure to sodium arsenite, which induces SG formation, than are cells lacking the kinase. This suggests that the increased autophagy promoted by the presence of Syk facilitates cell survival in response to stress. Thus, Syk-dependent enhancement of autophagy provides an additional mechanism by which the kinase can enable cancer cells to evade stress-induced cell death. This suggests that Syk inhibitors would be useful in sensitizing a subset of Syk-expressing cancer cells to the actions of chemotherapeutic agents.
